Evolutionary theory predicts that vector-borne pathogens should have low virulence for their vector because of selection against pathogens that harm the vector sufficiently to reduce transmission. Environmental factors such as nutritional stress can alter vector-pathogen associations by making the vectors more susceptible to pathogens (condition-dependent competence) and vulnerable to the harm caused by pathogen replication (condition-dependent virulence). We tested the hypotheses of condition-dependent competence and conditiondependent virulence by examining the interactive effects of short-term sugar deprivation and exposure to La Crosse virus (LACV) in female Aedes albopictus (Skuse). We predicted that infection status interacts with sugar deprivation to alter willingness to blood feed and fecundity in the second gonotrophic cycle (conditiondependent virulence). Sugar deprivation had no effect on body infection or disseminated infection rates. Infection status, sugar treatment, and their interaction had no effect on fecundity. Mosquitoes that had intermittent access to sugar were significantly more willing to take a second bloodmeal compared with those that had continuous access to sugar. Infection status and the interaction with sugar treatment had no effect on bloodfeeding behavior. Thus, we found no evidence of short-term sugar deprivation leading to condition-dependent competence for, or condition-dependent virulence of, LACV in Ae. albopictus.
dividual fitness in ways that produce population-level effects. Limited resource availability for larvae or adults can result in reduced larval survivorship and adult life span (Costanzo et al. 2005 , Reiskind and Lounibos 2009 , Gilles et al. 2011 , Alto et al. 2012 ), lower fecundity (e.g., Mostowy and Foster 2004 , Vaidyanathan et al. 2008 , Xue et al. 2010 , and altered immune function (Suwanchaichinda and Paskewitz 1998 , Koella and Sorenson 2002 , Telang et al. 2012 , Ponton et al. 2013 . Resource availability for larvae or adults can affect vector competence for viruses, Plasmodium, and filarial parasites (Okech et al. 2004 (Okech et al. , 2007 Vaidyanathan et al. 2008; Alto and Lounibos 2013; Breaux et al. 2014) . Such "condition-dependent competence" and effects of resource limitation on vector life-history traits may determine vectorial capacity (Dye 1986 , Moller-Jacobs et al. 2014 .
Arbovirus infections of mosquito vectors were traditionally thought to be uniformly benign due to selection against pathogens that harm their vector, which is the main route of transmission (Ewald 1994 , Hardy et al. 1983 , Breaux et al. 2014 . Vector-borne pathogens do, however, exploit the vector to develop or to replicate (Hardy et al. 1983 ). Vectors are not passive carriers of pathogens, and insect vectors have multiple immune defenses against infection (Murdock et al. 2013, Blair and Olson 2014) . It is now established that arboviruses can increase mortality, reduce fecundity, and alter the feeding behavior of females (reviewed by Lambrechts and Scott 2009) . Environmental stress can magnify the impact of arboviral infection on the vector, transforming infections from avirulent to virulent (Brown et al. 2000) . Such condition-dependent virulence occurs with both nutritional and temperature stresses (Donegan and Lighthart 1989 , Brown et al. 2000 , Mitchell et al. 2005 , Tripet et al. 2008 . Little is known about the potential relationship between condition-dependent competence and condition-dependent virulence in mosquito vectors.
La Crosse virus (LACV; Family: Bunyaviridae) is an important agent of pediatric encephalitis in the United States and is maintained in mosquito vectors through horizontal and vertical transmission (Hughes et al. 2006) . Aedes triseriatus (Say) is the primary vector, and two invasive mosquito species Aedes albopictus (Skuse) and
Aedes japonicus (Theobald) are potential secondary vectors (Gerhardt et al. 2001 , Erwin et al. 2002 , Lambert et al. 2010 , Harris et al. 2015 , Westby et al. 2015 . Condition-dependent competence for LACV in Ae. triseriatus can be influenced by larval nutrition (Grimstad and Haramis 1984 , Grimstad and Walker 1991 , Bevins 2008 . Reduced survivorship of LACV-infected overwintering eggs is postulated to be a product of cold-stress-induced condition-dependent virulence (Mcgaw et al. 1998) . LACV infection can alter the blood-feeding behavior of Ae. triseriatus and Ae. albopictus (Grimstad et al. 1980 , Jackson et al. 2012 ), but it did not affect female survivorship or fecundity in the first gonotrophic cycle for these species under benign laboratory conditions (Costanzo et al. 2013) . In this paper, we test whether short-term nutritional stress of adult Ae. albopictus induces condition-dependent competence for LACV infection, and whether interactive effects of LACV infection and stress yield condition-dependent virulence for the vector. We focus on nutritional stress caused by sugar deprivation because that stressor causes both condition-dependent competence and condition-dependent virulence in at least one mosquito-arbovirus system (Vaidyanathan et al. 2008 ).
Materials and Methods

Mosquito Rearing/Experimental Set up
Ae. albopictus in this experiment were from several generations of a colony originating from Effingham, IL, and maintained in the laboratory for 1 yr. Larvae were reared in 10 cohorts of 250 individuals in 1 liter of water with 0.15 g bovine liver powder with regular food spikes. After emergence, adults from each larval pan were assigned to one of four combinations of blood (infections or noninfectious) and sugar (constant access or intermittent access), so that equal numbers of females from each pan were assigned to each treatment daily. Females were housed in groups in 1-liter paperboard cages by date of emergence with an approximately equal number of males 5 d old. Cages had ad libitum access to a 20% sucrose solution until females reached 4 d old. They were then given water for 48 h prior to being offered a bloodmeal. Larvae and adults were held at 25 C with a photoperiod of 14:10 (L:D) h.
Six-day-old females were offered appropriate bloodmeals for three consecutive days for 40 min/d using a Hemotek membrane feeder Hemotek Limited (Lancashire, United Kingdom), cold anesthetized, and blood-fed females removed and housed in group cages by treatment and feeding date. Sugar treatments began the day of blood feeding. Females in the constant-sugar group had continuous access to 20% sucrose solution. Those in the intermittent-sugar group had access to 20% sucrose for 24 h and then water for the next 72 h. This regimen was repeated until the end of a 15-d extrinsic incubation period (EIP).
At 15 d post bloodmeal, all surviving females were offered a noninfectious bloodmeal for 40 min/d on each two consecutive days and housed individually. After 4 d, females were killed and kept at À80 C until they could be dissected on fresh slides, with flame sterilized forceps, mature eggs counted, and bodies and legs stored separately at À80 C. Total eggs produced in the second gonotrophic cycle was quantified as: eggs laid þ mature eggs dissected.
Virus and Bloodmeal Preparation
Infectious bloodmeals were prepared by inoculating 400 ml of LACV stock virus (initial inoculum ¼ 3.94 Â 10 6 plaque-forming units; LACV/human/1960, GenBank EF485030-EF485032) on confluent monolayers of Vero cells in 75-cm 2 vented tissue culture flasks.
Flasks were incubated for 1 h at 37 C and 5% CO 2 and intermittently rocked to allow virus attachment and entry. Flasks were then topped with 15 ml of Leibovitz's L-15 media (plus 1% penicillinstreptomycin and 10% fetal bovine serum) and incubated for 72 h at 37 C and 5% CO 2 for virus amplification. To determine bloodmeal titer, 500 ml of the media was stored at À80 C. The medium containing virus was mixed in a 1:1 ratio with defibrinated bovine blood, yielding bloodmeals of 3.2 Â 10 6 6 1 pfu per ml (mean 6 SE; plaque assay in Vero cells; Bara and Muturi 2015) . The noninfectious bloodmeal was prepared with a 1:1 ratio of uninfected medium and blood.
Mosquito Infection Determination
Bodies and legs were separately homogenized in 200 ml of L-15 medium with one BB using a Retch shaker for 4 min at 380 rpm. Another 800 ml of medium was added to each sample and then centrifuged for 10 min at 1,000 rpm. Infection status was determined by inoculating 200 ml of supernatant onto confluent Vero cell monolayers in 24-well plates with a positive and negative control on each plate. After 72 h, a sample was considered positive if there were visible cytopathic effects. Infection status of females offered an infectious bloodmeal was classified as: 1) exposed but not infected; 2) exposed and infected but not disseminated (body infected, legs not); or 3) exposed and infected and disseminated infection (both body and legs infected).
Statistical Analyses
Total eggs in the second gonotrophic cycle were analyzed as a twoway ANOVA (SAS PROC GLM) with sugar access (constant, intermittent), infection status (not exposed; exposed-not infected; exposed-nondisseminated; exposed-disseminated), and the interaction as the independent variables. Residuals met assumptions of normality and homoscedasticity. Effects of sugar treatment, infection status, and the interaction on the taking of the second bloodmeal (yes, no) were analyzed with a v 2 test (SAS PROC CATMOD). The effect of sugar treatment on infection status for those females offered an infectious bloodmeal was analyzed with a 2 Â 4 table v 2 tests with "died before the end of the EIP," "not infected," "body infection only," and "disseminated infection" as the four possible outcomes (SAS PROC CATMOD). All analyses were performed in SAS 9.3 (SAS User's Guide, SAS Institute Inc., 2011).
Results
There were 418 females that took initial bloodmeals. The four treatment groups had roughly equal number of females, and 51 females died prior to completing the EIP (Table 1) . Body infection rate (i.e., nondisseminated infection) was 41.2% of those taking an infectious meal ( Table 1 ). The combined disseminated infection rate for the two sugar treatments was 20.9% of those taking an infectious meal (Table 1) or about one third of the total number infected ( Table 1) . Sugar treatment had no effect on the frequencies of four infection statuses (died before EIP, not infected, body infection only, disseminated infection; v 2 ¼ 1.42; df ¼ 3; P ¼ 0.7002). Infection status had no significant effect on willingness to take the second bloodmeal (v 2 ¼ 4.09; df ¼ 3; P ¼ 0.252), but there was a significant effect of sugar treatment (v 2 ¼ 9.14; df ¼ 1; P ¼ 0.0025), with intermittent sugar yielding greater willingness to take a bloodmeal than did continuous sugar (Fig. 1) . The interaction of infection status and sugar was not significant (v 2 ¼ 1.26; df ¼ 3; P ¼ 0.739; Fig. 1 ). Fecundity in the second gonotrophic cycle was unaffected by LACV infection
, and the interaction (v 2 ¼ 0.64; df ¼ 3; P ¼ 0.5903; Fig. 2 ).
Discussion
Multiple sublethal stressors can alter infection and transmission rates for vectors (Vaidyanathan et al. 2008; Muturi et al. 2011a,b; Alto et al. 2014 ) and also alter adult life-history traits associated with population dynamics and vectorial capacity (e.g., development rate, longevity, and fecundity; Delatte et al. 2009 , Muturi et al. 2010 . Though LACV infection rate in Ae. triseriatus is increased when larvae are reared under suboptimal conditions (Grimstad and Haramis 1984 , Grimstad and Walker 1991 , Bevins 2007 ), we did not detect a parallel effect of suboptimal adult nutrition for Ae. albopictus. One reason we may have failed to detect an effect of sugar deprivation is that our intermittent sugar treatment may have been insufficiently stressful. Females may have compensated for the 3 d without sugar by imbibing larger sugar meals when they received sugar, an effect we did not quantify. Withholding sugar for only 24 h was sufficient to yield an effect in an Anopheles-Plasmodium system (Ferguson and Read 2002) , suggesting that 72 h sugar deprivation should have been sufficiently severe. The 20% sugar solution we used may have been sufficiently concentrated for females to store ample reserves to compensate for 72 h of sugar deprivation. Female Culex pipiens (L.) fed on 2, 10, 20, and 40% sucrose were equally susceptible to West Nile virus, but oral transmission of virus was significantly lower at 40% sucrose (Vaidyanathan et al. 2008 ). Short-term nutritional deprivation alters immune function in insects, but after the stress is alleviated, immune function can recover (Siva-Jothy and Thompson 2002) , suggesting that intermittent low sugar stress may have important but transient effects on vector competence.
Infections with several different arboviruses can alter blood-feeding behavior in several Aedes species (Grimstad et al. 1980 , Platt et al. 1997 , Jackson et al. 2012 . LACV infection increased probing and decreased engorgement in Ae. triseriatus (Grimstad et al. 1980) , reduced bloodmeal size in both Ae. triseriatus and Ae. albopictus, and decreased refeeding rates in Ae. triseriatus but not Ae. albopictus (Jackson et al. 2012) . Our data showed no effect of LACV infection on Ae. albopictus willingness to take a second bloodmeal after the 15-d EIP. Our results and those of Jackson et al. (2012) suggest that LACV is more effective at modifying behavior of Ae. triseriatus than that of invasive Ae. albopictus, a vector with which LACV has little evolutionary history.
Our finding that intermittent access to sugar increases the likelihood of a second bloodmeal is consistent with previous reports that sugar deprivation increases blood-feeding rates in mosquitoes (Straif and Beier 1996 , Canyon et al. 1999 , Gary and Foster 2001 , Braks et al. 2006 . Our goal was to test the hypothesis of conditiondependent effects of infection on propensity to blood feed. We predicted that LACV infection would interact with sugar treatment. Our data did not support this prediction. Because of the rarity of investigations of the interactive effects of arbovirus infection and body condition (or other measures of nutrition status) on blood-feeding behavior, we cannot determine whether lack of condition dependence of blood-feeding behavior is a general property of mosquitoarbovirus systems.
The observed lack of effect of infection on egg production in the second gonotrophic cycle is consistent with the absence of an effect of LACV infection on egg production in the first gonotrophic cycle for both Ae. triseriatus and Ae. albopictus (Costanzo et al. 2013 ). This finding raises interesting physiological questions because both species take smaller bloodmeals when LACV infected (Jackson et al. 2012) . The generality of the relationship between bloodmeal size and number of eggs produced (e.g., Briegel 1990) suggests that LACV infection alters efficiency of converting blood to eggs.
We found no effect of sugar deprivation on egg production in the second gonotrophic cycle for Ae. albopictus. This lack of detectable difference is likely not due to sugar-fed females having crops full of sugar, as all females were starved for 48 h prior to the second bloodmeal (Mostowy and Foster 2004) . Females in this experiment reached the second gonotrophic cycle at age !21 d. Our sugar manipulation was imposed on females between days 6-21. Females that reached the second cycle may have had sufficient time and sugar access to recover from any effects of sugar deprivation. We did not measure bloodmeal size or lipid and glycogen stores, so we cannot postulate a mechanism by which females compensated for previous sugar deprivation.
We also found no interactive effect of LACV infection and sugar on egg production. Glucose concentration and infection have interactive effects on survival of Anopheles stephensi infected with Plasmodium (Lambrechts et al. 2006 ). Thus interactive, or condition-dependent, effects may only occur in some vector-pathogen systems, perhaps those where infection has a high cost for the vector. Additional tests for interactive effects of infection and nutrition on adult fitness (e.g., survivorship and fecundity) should be a priority for understanding factors influencing vector populations.
